A 3D seismic survey over the Intisar E field in the Ajdabiya Trough of the Sirte Basin, Libya, revealed a channel-like feature in Eocene carbonates that wraps around the pinnacle reef that contains the reservoir. We have used coherence, curvature, and spectral decomposition seismic attributes to determine the morphology and gray-level co-occurrence matrix attributes to define seismic facies within the feature. These indicated that the channel originated by submarine scouring caused by downslope movement of turbidity currents. Erosion was followed by the deposition of successive layers of carbonate debris in the channel. Stratigraphic correlations with the adjacent pinnacle reef revealed that the channel was cut during the late stage of reef growth, and a second channel formed after the Intisar E reef ceased to grow. Differences in seafloor elevation over the reef probably diverted turbidity currents so channels were not cut into the reef, breaching the reservoir. This interpreted geologic history may explain why some pinnacle reefs in the Intisar complex contained giant reservoirs, whereas others were barren.
Introduction
A 3D seismic survey over the Eocene Intisar E pinnacle reef in the Sirt Basin of Libya shows a subtle feature adjacent to the reef that may be a submarine channel. Seismic attributes were used to define the geometry of the feature and to interpret its internal composition. Numerous investigators such as Chen and Sidney (1997) , Marfurt et al. (1998) , Chopra and Alexeev (2006) , Chopra and Marfurt (2007) , and Eichkitz et al. (2015) have defined different 3D seismic attributes. However, few published reports discuss the use of multiple attributes for detailed interpretation of sedimentary structures in carbonates. Baaske et al. (2009) describe similar channels in Eocene carbonates of Libya and suggest that they could be regional guides in petroleum exploration. We focus on the specific interpretation of the internal structure of sediments in the Intisar E channel and the possible influence of the channel on the reservoir in the adjacent Intisar pinnacle reef. Coherence, curvature, and spectral decomposition were used for structural interpretation and delineation of channel morphology. Attributes based on the gray-level co-occurrence matrix (GLCM) helped to distinguish seismic facies.
Geologic background of the case study
The study area is located in the Sirte Basin of Libya, a structural depression of approximately 189;000 mi 2 (490;000 km 2 ) in extent that was formed as a triplejunction rift along the northern margin of the African continental plate (Ahlbrandt, 2001) . Beginning in the Late Cretaceous, the northern edge of the African continental plate was covered by a marginal sea that persisted until the Late Eocene (Priabonian). The marine environment consisted of several broad, shallow carbonate platforms separated by deeper water in subsiding troughs.
A tectonic overview of Sirte Basin showing regional structural highs and basin centers is given in Figure 1 . The green circle indicates the general location of the study area, which includes approximately 16 mi 2 (43 km 2 ) around the Intisar E oil field. The reservoir consists of a Paleocene pinnacle reef, and it is part of a series of pinnacle reefs that grew in an embayment on the eastern side of the Ajdabiya Trough, along the margin of a carbonate platform.
The stratigraphic column in Figure 2 illustrates the complexity of the sedimentary succession in the study area and the adjacent Cyrenaica Platform. Beginning in the Early Cretaceous, movement of the African continental plate created extensive rifts, including the Ajdabiya Trough. Syndepositional faulting of rift margins resulted in rapid lateral facial changes. Episodes of marine transgression and erosion are registered as seven regional and local unconformities (Figure 2 ).
During the Paleocene, the location of active rifting moved far to the east but regional subsidence continued, providing accommodation on an extensive marine shelf, where a sequence of carbonates more than 500 m (1600 ft) thick was deposited. The lowermost Paleocene unit was the Lower Sabil Formation of Danian age, which unconformably overlies the Upper Cretaceous Kalash Formation. The Lower Sabil Formation is composed of interbedded limestones and shales that were deposited in a quiet, shallow water, low-energy shelf and lagoonal environment, possibly behind a barrier reef (Hallett, 2002) , whereas to the east, the unit becomes increasingly dolomitic (Bezan, 1996 (Figure 2 ). These formations are a result of cyclical variations in water depth on the shelf during an overall transgression to deep marine conditions (Bebout and Pendexter, 1975) . This interval includes the carbonate bioherms of the Intisar pinnacle reefs, classified as the Upper Sabil Formation, and the enclosing Kheir Formation calcareous shales that act as a seal over the reefs. Upper Sabil shelf-edge deposition was not influenced by rifting, and no significant faults are present in the study area (Rusk, 2001) . A sequence of shelf carbonates and evaporates more than 4000 m (13,000 ft) thick was deposited during the Eocene, as the Gir, Gialo , and Augila Formations. The Ypresian-age Gir Formation consists of basal restricted shelf facies overlain by an evaporite interval followed by the massive carbonates deposited in an open marine environment.
Seismic attribute methodology
To illuminate reef bodies, channel structures, and seismic facies within the channel features, we applied several seismic attributes. For the definition of the channel edges and the reef edges, we applied coherence measurements (Blumentritt et al., 2003) and curvature attributes (Oyedele, 2005) . In addition, we applied spectral decomposition to describe the channel features and also to highlight the reef structure. For the description of seismic facies, we used several different seismic attributes, such as spectral decomposition and GLCMbased attributes.
Coherence measures the similarity between the seismic waveforms along neighboring traces. Low coherence, caused by rapid changes in the seismic waveform between adjacent traces, can be interpreted as resulting from faults, channels, or other abrupt disruptions (Marfurt et al., 1998) .
The most common methods for calculating coherence include crosscorrelation (Bahorich and Farmer, 1995) , semblance (Marfurt et al., 1998) , and eigenstructure analysis (Gersztenkorn and Marfurt, 1999) . Crosscorrelation and eigenstructure coherence respond to differences in the reflector waveforms of adjacent traces, whereas semblance-based coherence is sensitive to both lateral changes in reflector amplitudes and waveforms. Semblance-based coherence was used for all coherence calculations in this study. The semblance σðt; p; qÞ is defined as the ratio of the energy of the average trace to the average energy of all the traces along a specific dip (Marfurt et al., 1998) . This provides a measure of the similarity between traces within the analysis window.
Curvature is a measure of the apparent bending of seismic reflections and enhances subtle folds, flexures, and collapse features that are not easily seen by coherence (Al-Dossary and Marfurt, 2006) . In two dimensions, curvature is defined as the radius of a circle tangent to a curve. In three dimensions, curvature is defined by two orthogonal circles. There are numerous poststack curvature attributes, including mean curvature, Gaussian curvature, maximum curvature, and others (Roberts, 2001 ). Chopra and Marfurt (2007) point out that the most-negative k neg and most-positive curvatures k pos are the easiest measures to visually correlate with features of geologic interest.
Spectral decomposition is widely used for imaging and mapping bed thickness and geologic discontinuities from 3D seismic data (Partyka et al., 1999 ).
The amplitude response at different frequencies can be tuned to a specific bed thickness, which helps to highlight stratigraphic features such as channels and areas of complex faulting (Torrado et al., 2014) . Spectral decompositions based on the short-window discrete Fourier transform (SWDFT) and the continuous-wavelet transform (CWT) were used in this study. The SWDFT procedure allows an analysis of the frequency component in a specific fixed-time window, representing a subsurface interval at a specific depth (Peyton et al., 1998; Partyka et al., 1999) . In CWT analy- ses, the frequency bandwidth depends on the chosen center frequency because the bandwidth increases at higher center frequencies (Sinha et al., 2009) . The SWDFT limits the resolution of the time-frequency space through a predefined window length, whereas the CWT does not require the window length in advance. Hence, there is no fixed resolution through the time-frequency space for CWT. Wavelet dilation and compression of CWT efficiently offer the optimal window length instead of the subjective choice (Sinha et al., 2005) . Thus, the CWT procedure has better resolution than SWDFT.
The results of spectral decomposition are usually displayed by RGB (R = red, G = green, and B = blue) blending. In this visualization method, amplitudes at three different frequencies are plotted together using the three colors. Compared to standard displays, RGB blending creates informative, multiattribute displays that show features in finer detail (Henderson et al. 2008) .
The GLCM is a statistical texture classification methodology developed by Haralick et al. (1973) for interpreting remote sensing images. The GLCM is based on the frequency of occurrence of different combinations of neighboring pixel values in a digital image. This methodology has been applied to seismic data for the past 20 years; a recent summary of the literature is given in Eichkitz et al. (2015) . The GLCM-based attributes are used primarily to define seismic facies and are applied here to distinguish channel-filling lithologies.
Seismic attribute interpretation of reef area
This study is based on a 3D prestack time migration (PSTM) seismic cube consisting of 231 north-south inlines and 301 perpendicular crosslines. Geophones were spaced at 25-m intervals, and survey lines were 25 m apart. The data array covers approximately 39 km 2 . The seismic records were sampled at a 2-ms rate.
Based on the first occurrences of the reef structure and the channels, the positions of horizons to be interpreted were determined. In addition, synthetics and well top information were used to identify the reflectors. After interpretation of all relevant horizons (Figure 3) , attribute interpretations were made on a horizon basis. The objectives of this horizon-based attribute analysis were to define the reef and channel edges and to describe the channel fillings in more detail.
Seismic attribute interpretation can be based on time slices or horizon slices. Interpretations of time slices were used to locate the beginning of reef growth and the final formation of the channel system. Then, horizon interpretations were made of five horizons that correspond to key stratigraphic markers. These five horizons were used for the extraction of seismic attributes along horizon slices (Figure 3 ). The lowest horizon is the top of the Lower Sabil Formation, and it represents the base of the pinnacle reef. The top of the pinnacle reef corresponds to the top of the Upper Sabil Formation. Within the pinnacle reef, the seismic response is limited. In most parts, chaotic reflections with low amplitudes can be observed. Above the pinnacle reef are sediments of the Harash and Kheir Formations (Figure 3 ). The interpreted Kheir horizon includes a submarine erosional surface in the form of a channel system that trends approximately north-south within the study area. This channel system can also be interpreted in the Intisar A field. The channel is filled with sediments of the Gir Formation; these consist of three successive sedimentary intervals informally designated Gir T, Gir R, and Gir S. We applied semblance-based coherence, curvature, spectral decomposition, and textural attributes to describe the relationship between reef growth and channel evolution. Figure 4 shows a series of semblance-based coherence time slices from 1650 to 1870 ms. Growth of the reef and evolution of the channel system can be interpreted from this series. From the slice at 1870-1750 ms, the reef grew and expanded. At approximately 1740 ms, the reef body was partially eroded on its eastern side by channel A, whereas on its western side, the reef continued to grow. By Late Thanetian (at approxi- mately 1730 ms), the reef had stopped growing on the west and sediments of the Harash and Kheir Formations were deposited over the reef, where the channel system was still active during deposition of these units. In Late Thanetian to Early Ypresian (at approximately 1710 ms), another channel developed further east of the reef. This second feature, designated as channel B, was limited in the vertical and horizontal extents.
Most-positive and most-negative curvature attributes displayed on interpreted horizons such as the Top Kheir reveal details of the channel system ( Figure 5 ). The channel edges are defined by the most-positive curvature attribute and appear as pairs of thin lines of positive values (Figure 5a ). These represent places where the seismic surface is strongly concave downward on the right-and left-hand margins of the channel and indicate the tops of the channel margins (Figure 5b) . The bottom edges of the channel margins are defined by the most-negative curvature attribute and form a pair of lines of negative values where the surface is strongly concave upward (Figure 5c ). The areas with low curvature values in-between the high curvature channel edges represent the bottom of the channel. The band formed by the two lines of most-negative curvature lies within band formed by most-positive curvature ( Figure 5) .
Other attributes such as coherence express the surface form as a statistic that compares the similarity in frequency content of adjacent lines. If a surface contains a discontinuity such as a fault or abrupt flexure, the coherence will be low; if the surface is relatively smooth, the coherence will be high. A display of coherence in the Top Kheir horizon is shown in Figure 6a and 6b. The margins of the channels are clearly displayed on a coherence gray-scale plot.
Volumetric vector dip estimation can be used to calculate additional curvature attributes such as curvedness, which combines the maximum and minimum curvatures. The shape index attribute also combines the maximum and minimum curvatures, but it does so in a manner that is scale independent. Curvedness, used in combination with the shape index, can enhance the edges of discontinuous features. By simultaneously displaying these two attributes using a 2D colorbar, it is possible to visualize the edges of the channel systems, as seen in Figure 6c and 6d. The distinction between channels A and B is readily apparent.
Spectral decomposition can also be used to distinguish between the two channel systems because differ- Interpretation / February 2016 SB7 ent frequencies will highlight different features. In Figure 7a-7c , the spectral decomposed cubes for 30 Hz (Figure 7a ), 40 Hz (Figure 7b) , and 50 Hz (Figure 7c) are displayed on the Top Kheir horizon. These plots confirm that the 30-and 40-Hz components are dominant in the seismic data, and that the reef structure con- tains mainly 40-Hz data. The channels and reef structure are highlighted by RGB blending of these three frequency cubes (Figure 7d and 7e) . The 40-Hz response of the reef appears in green and contrasts with the channel edges that appear as dark thin lines created by a mixture of all three colors. Inside the channels there are areas where different frequency components dominate.
Seismic attributes based on the GLCM were used for interpretation of the channel filling. With textural attributes such as the GLCM, it is possible to perform a semiautomatic interpretation of seismic facies based on the amplitude values in the seismic data. In this project area, three different seismic facies areas have been interpreted (Figure 8) . Facies B indicates a point bar of channel A with a chute channel inside, whereas facies B is a counterpoint bar. Therefore, facies C is another channel bar of channel B for geologic interpretation.
Based on the combined interpretation of all attributes, a simplified geologic model has been proposed that describes the evolution of the reef and the associated channel system (Figure 9 ).
The deposition of the Kheir Formation spanned the transition from the Paleocene to the Eocene, when a rapid, short-lived worldwide transgression occurred, followed by an abrupt regression (Sluijs et al., 2008) . This regression resulted in drowning of the carbonate platform in the Intisar area from the prolific shallow shoal zone into the deeper open marine zone of pelagic carbonate deposition, inhibiting growth of the Intisar pinnacle reefs and deposition of the Kheir Formation around and over the reefs. The subsequent rapid regression would have exposed wide swaths of recently deposited carbonates, causing their erosion and transport toward deeper water in mass movements as submarine landslides that became downslope turbidity currents (Eberli and Ginsburg, 1988) . Such currents are capable of rapid erosion of the seabed and quickly scour out channels. The recently deposited finegrained, argillaceous sediments of the Kheir Formation would have been especially susceptible to such action. Seismic attribute interpretation shows that multiple episodes of submarine erosion occurred around the Intisar E reef. Inside both channels, sediments of the Gir T, Gir S, and Gir R stratigraphic zones were deposited during the Early Eocene. After the channels were filled, widespread deposition of higher Gir intervals (Gir QGir A) occurred.
Conclusions
This case study has demonstrated that seismic attribute analysis can be useful for the interpretation of the geologic evolution of complex carbonate sequences. In this case study, different seismic attributes helped to gain an understanding of how and when an Eocene pinnacle reef started to grow and when submarine channels developed and how they were influenced by the presence of the reef. Coherence attributes were used to interpret the channel and reef edges and establish the temporal relationship between reef growth and channel evolution. By integrating different seismic attributes, it was possible to describe the evolution of the channel system. Curvedness and the shape index were used in combination to define channel edges and to distinguish between two channels. It could be established that channel A was formed during the late stages of reef growth, and the second channel, B, formed during Late Thanetian to Early Ypresian time after reef growth had ceased. During the Early Ypresian, the channels became filled by sediments of the Gir Formation in at least three episodes of deposition.
Seismic attributes are effective in extracting subtle features, which are sometimes not recognizable on original seismic data. This technology helps accelerate the seismic interpretation. Besides, we should also recognize the limitation of seismic attributes. Seismic attributes can exacerbate subtle effects such as acquisition footprint and velocity pull-up/push-down.
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